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1. Introduction.

In this paper, we consider a nonlinear distributed control system, with time
varying control constraints and an initial condition which is not determined by
an a priori given function, but instead it is assumed to belong to a certain
specified set (Lions [5] calls them “systems with insufficient data”). The cost
criterion is a general convex integral functional.

Using the Dubovitski-Milyutin formalism, we are able to obtain a necessary
and sufficient condition for the existence of an optimal solution. A very com-
prehensive presentation of the Dubovitski-Milyutin theory can be found in the
monograph of Girsanov [3]. Our result extends Theorem 2.1 of Lions [5],
since we allow for nonlinear dynamics and a nonquadratic cost criterion.

2. Preliminaries.

The mathematical setting is the following. Let T=[0, b]S R, (a bounded
time interval) and H a separable Hilbert space. Also let X&H be a subspace
of H carrying the structure of a separable reflexive Banach space, which imbeds
continuously and densely into H. Identifying H with its dual (pivot space),
we have XGHCG X*, with all embeddings being continuous and dense. Such a
triple (X, H, X*) of spaces is sometimes called “Gelfand triple” or “spaces in
normal position”. By ||-|| (resp. ||, |- %) we will denote the norm of X (resp.
of H, X*). Also by (-, -) we will denote the inner product in H and by (-, ->
the duality brackets for the pair (X, X*). The two are compatible in the sense
that if xe XS H and he HS X*, we have (x, h)=<{x, h>. Alsolet Y be another
separable Banach space modelling the control space. By P;.(Y) we will denote
the nonempty, closed, convex subsets of Y.

The optimal control problem under consideration is the following :

* Research supported by N.S.F. Grant D. M. S.-8802688.



388 A. ParaceEoORrGIOU and N.S. PAPAGEORGIOU

T(x, w) = S:L(t, (), u(®)dt —> inf
s.t. 2O+ AE, x(@) = B, x@O)u®) ae. xO)C, ut)eUQR) a.e.

(%)

We will need the following hypotheses concerning the data of (x).

H(A): A:TxXX—X* is an operator s.t.
(1) t—A(t, x) is measurable,
(2) x—A(t, x) is continuously Frechet differetiable and strongly monotone
uniformly in t<T,
3) 1A¢, Ols < a@®)+b| x|} a.e. with a(-)e L%, b>0,
@) <A@, x), x>y =clix|®, ¢ >0,

HB): B:TxH-.L(, X*) is an operator s.t.
(1) t—B(t, x)u is measurable for all (x, ) e HXY,
(2) x—B(t, x) is continuous,
(3) x—B(t, x)u is continuously Frechet differentiable,
4) 1B, ©)ullx=B:®+B) x| +B:®lull a.e. with B,(+), B.(-)ELE,
ﬁx(’)EL:&
H(L): L:TXHXY—-R is an integrand s.t.
(1) t—L(, x, u) is measurable,
(2) (x, u)y—L(t, x, u) is convex and continuously Gateaux differentiable,
(3) for every (x, uy e L*(H)X L%Y), J(x, u) is finite.

HU): U:T—-P;(Y) is a multifunction s.t. GrU={{, T XY :ucU®)}<
B(T)Yx B(Y) (where B(T) is the Borel g-field of T and B(Y) the Borel o¢-field
of V), t—|U)| =sup{jlu| : ucU@®)} belongs in L% and if Si={u(-)= L*Y): u®)
eU(t) a.e.}, then intS{+ @.

H(C): CZH is a closed, convex set with a nonempty interior.
Following Lions [4], we define W(T)={x(-)e L*X): x=L*X*)}. This is

/
a Banach space with norm HxHW<T>=B:|lx(t‘)HzclerS:I]JE(t)Hidl‘]1 " Itis well known

that W(T)o.C(T, H) i.e. the elements of W(T) are continuous maps with values
in H, eventually after changing each function on a set of measure zero.

Since our necessary and sufficient conditions, will involve the adjoint state,
we need the following existence result. By A.{, x@))(-), B, x@), u()) and
L., x(), u(t)) we denote the derivatives with respect to x of the maps A(t, x),
B(, x, u) and L(t, x, u) at the points (¢, x(t)), (¢, x(t), u(®)) and (¢, x(@), u(®))
respectively. Also by AX(, x(1), Bi({¢, x(), u(t)) we denote the adjoints of
A, x@) and B, x(@), u(t)) respectively.

PROPOSITION 2.1. If hypotheses H(A), HB), H(L) hold, B, x@), u@®))| x(+)
is dissipative and t— L (t, x(t), u(t)) belongs in L*(H), then there exists p(-)<
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W(T) s.t.
— )+ A%, x@)p(t) = BECE, x(), u®)p@®— L., x(1), u(®)) a.e. pb)eH.

PROOF. From the strong monotonicity of A(f, -), uniformly in teT, we

have:
CA(E, x)—Al, x@), x'—x@®)> =z 0lx'—x@)>  6>0

= (A, @, x@O)x'—x@O)+0(lx"—x D), x'—x®> = Ollx'—x@)*.
Putting x’'—x(#)=¢p, we see that
CAL(t, x@)ep+0elpl), ep> = Gelpl®.
Divide by &2 and let e—0*. We get:
CA:@, x@)p, p> = <AXQ, x@)p, p> = 0lpI.

Also by hypothesis <{—B3¥({, x@), u@)p, p>=0. Since t—L.{¢, x{), u@®))
belongs in L%(H), we can invoke Theorem 4.2, p. 167 of Barbu [1], and get
that indeed there exists p(-)eW(T) solving our problem. Q.E.D.

3. Necessary and sufficient conditions.

The next result gives us necessary and sufficient conditions for a triple
(%0, x, ) EHXW(T)X LYY ) to be a solution of (*).

THEOREM 3.1. If hypotheses H(A), HB), H(L), HU), H(C) hold, for the pair
(x, WEW(T)X LXY) we have | A, xU)|| cex. x5S0, | B=@, (@), ul)ll cca. x5 =72,
B.(t, x(t), u())| x(+) is dissipative and t— L ,(t, x(t), u(t))= L*(H), then the triple (x(0)
=X, X, WEHXW(T)X LYY ) is a solution of (x) if and only if

1)+ AE, x@) = B, x@)ult) a.e. 20 =xC, u®t) €U,
there exists p(-)eW(T) satisfying the “adjoint equation”
—pO+AZE, xO)pM) = BiE, =), u®)p®)— L., x@®), u@®) a.e., pb)=0
and the following “minimum principles” hold

(L@, x@), u@®)—DB*¢, x@)p@), v—ul)y,y«=0 for all velU@®) a.e. and

(—p0), c—x0) =0 for all c=C.

PROOF. As we already mentioned in the introduction, our approach is based
on the Dubovitski-Milyutin formalism. So we need to analyze the cost criterion,
the equality constraint (i.e. the evolution equation) and the initial data-control
constraints (regarded here as an inequality constraint), by determining the cone
of directions of decrease, the tangent cone and the cone of feasible directions
respectively.

We will start with the cost criterion J(-, -). Recalling that J(-, +) is convex
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and using the monotone convergence theorem we get that
b
V/(x, u)h, v) = SOVL(L x(8), u@®)(h®), v@®)dt,

where V is the gradient operator.

But since by hypothesis H(L)(2), L{z, -, -) is continuously Gateaux differenti-
able, from the total differential rule we have:

VL@, x@), u@)(h®), v@®) = Lz, x@), u@)h@)+ Ly, x@), u)v{).

Invoking Theorem 7.4 of Girsanov [3], we get that the cone of directions
of decrease of the cost criterion J(-, -) at (x, u) is given by

Kq = {(h, yeW ()X L¥Y): J'(x, u)(h, v)<0}.
Assume K;#+ @. Then we have:
= K= {—AJ(x, u): A=R,}.

Now we pass to the analysis of the equality constraint. This is determined
by the dynamical equation of the system. So consider the map P: HXW(T)x L% Y")
— LA X*)X H defined by

P(xg, x', u')(@) = (X'O)+ A, x'()— B¢, x'O)u'®), x'(0)—=xg).

Observe that because of our hypotheses both A:W(T)—X* defined by
(Ax")=A{, x'(t) and B:W(T)XL*Y)—L¥X*) defined by B(x’, u)(t)=
B, x'())u’(t) are continuously Frechet differentiable at (x,, x, u). So P(-, -, -)
is continuously Frechet differentiable at (x,, x, #) and furthermore

P,(XO; X, u)(ho, h; U)(t)
= (h)+ A=, x@®)h(H)— B, x@), u@)ht)—B(, x@w@), h0)— hy).

We will show that P’(x,, x, u) is surjective. So let (g, v, he, h)e L3 X*)

X LA Y)X HX H be given and consider the following Cauchy problem:

{ RO+ A(t, x@)R(E) = By, x@), u®)h®)+ B, xE)wd)+g@) a.e. }
h(0) = ho+hy.

As in the proof of Proposition 2.1, we can check that all the hypotheses of
Theorem 4.2 of Barbu are satisfied. Hence the above Cauchy problem has
a solution A(-)eW(T). So for any (g, hy)= L¥(X*)x H, we can find (h,, h, v)E
HXHXL*Y) s.t. P'(xo, x, u)(ho, h, v)=(g, hy) i.e. P’(xo, x, u) is surjective.
Hence we can apply Lyusternik’s theorem (see Girsanov [3], Theorem 9.1) and
deduce that if

Q.={(x¢{, x', u)eHXW(T)X L¥Y): P(x§, x’, w’)=0} (equality constraint set),

then the tangent space to Q, at (x,, x, u) is given by
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T(Q1) = {(ho, b, VEHXW(T)X L¥Y): P'(x0, x, u)(ho, h, v)=0}
=ker P'(x,, x, u)
= (TQ)* = {w*eHXW(T)*X LAY *) : w*(ho, h, v)=0
for all (ho, h, V)ET(Q))}.
Finally we will analyze the initial data-control constraints. So set
Q. =CXS} S HX L¥Y).

By hypothesis int C+# @ and intS{+ @, and CXS% is convex. So Theorem
10.5 of Girsanov [3], tells us that the dual to the cone of feasible directions of
Q. at (x,, u) is given by

K(Q.)f = (CXSp)y* = C*XSF.
Hence (c*, u*)=K(Q,)¥ if and only if ¢* supports C at x, and u* support
Z at u.

Now that we have in our disposal all the appropriate cones, we can apply
the Dubovitski-Milyutin theorem (see also Girsanov [3], Theorem 6.1) and
get y*e K%, w*eT(Q)* and (c*, u*)= K(Q,)%, not all simultaneously zero s.t.

O, y*)+w*+(c*, 0, u*) =0
= y*(h, v)Fw*(he, h, v)+(c*, ho)+u*@w) =0 for all (hy, h, V)EHXW(T)X LYY).
Recall from the analysis of the equality constraint that if (h,, A, v)ET(Q,)
i.e. if P’(xo, x, u)(ho, h, v)=0, then w*(h,, h, v)=0. This means then that if
for any (hy, v)e HX LAY), we choose heW(T), so that (h, h, v) solves the
Cauchy problem
)+ A, x@®)h(@E) = B, x, @), u@®)h@®)+ B, xOw(E) a.e., h(0)=h
(we already saw that such an heW(T) always exists), then w*(h,, h, v)=0 and
in this case the Euler-Lagrange equation becomes
y¥*(h, v)+(c*, h)+u*@) =0 = —1J'(x, w(h, V)+(c*, ho)+u*@®)=0.
Since (ho, v)e HX L¥Y) is arbitrary, if =0, then ¢*=0, ¥*=0 and so w*=0,
a contradiction to the Dubovitski-Milyutin theorem. So 2>0 and without any
loss of generality, we can take A=1.
Consider the following adjoint Cauchy problem.
—pO+ AR, x)p@) = BIt, x@), u@®)p@®)— L&, x@), u@®) a.e., pb) =0.

From [Proposition 2.1 we know that the above Cauchy problem has a solution
p(-)YeW(T). Using this adjoint state p(-), we get:

(L, 2@, u), hopdt = (' <po)— A%, x®)p@+Bie, x®)p), hOdE

= ["<p@), neydr={'care, xrp), hosdr+ [ Bre, x)p@), Kot



392 A. PapracEORGIOU and N.S. PAPAGEORGIOU

From Lemma 5.5.1 of Tanabe [6], we know that:
[i<o@, hdd = @, he)| ~{<o®, hwddt = -0, b= p@, hwrar.
Also we have:
[icaxe, xop®, roydt={<p®, Aut, 5OR®YE  and
[<Bxt, 20, wE)p®, hO>dE={ PO, Butt, 2, uE)h®dL.
Using these facts, we get:
[.(Latt, 2, u), hepat
= | <O, —hO— 4., OO+ Butt, 2O, WOIROIdE—(p(0), ).
Recalling the choice of a(-)e W(T), we get: ,
[{(Latt, 20, u), hO)dt = [ <p@), —BE, xOWOIdI—BO), ho).
Use this back into the Euler-Lagrange equation, to get:
W)+, h) = <o), =BG, 2Ot
+{(Lut, 2®, w®), vO)r.rndt—(©), 1)
for every ve L*Y) and every h,=H. Hence clearly
wr) = | (Lutt, 20, wO)—B¥¢, xO)p@), vrradt and c*(h) = —(p(0), ho).
Recall that u* supports S} at u and c¢* supports C at x,. So we have:
[[(Lut, 50, wt) =B, x©p@®, vO-u®)dt 20 for all vES;  and

(—=p0), c—x0) =0  for all c&C.
Suppose that for some EST with A(E)>0, we have:

vég(ft)(Lu(t, x(®), u()—B*(t, xO)p@®), v—u®r.vx <0, t€E.

Consider the multifunction V : E—2Y\{@}, defined by :
V() = {velU@®) : (L@, x@), u@)—B*E, x)p®), v—u@®))y,y+<0}.
From our hypotheses H(B) and H(L), it is easy to see that
t, v) —> 7, v) = (L@, x(@), u@)—B*E, xO)p®), v—ul@)y.v-,

is measurable in {, continuous in v, hence jointly measurable. Thus
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GrV = {t, v)EEXY : r(t, v)KOINGrU € B(E)XB(Y).

Apply Aumann’s selection theorem (see Wagner [7]), to get v,: E-Y
measurable s.t. v,t)eV({#) for teE. Let v:T—Y be defined by setting v()=
v,() for t=E and v({)=u() for tT\E. Clearly veS} and furthermore

[(Lutt, 2, )= B¥, x®)p@), vO—u@)yr.redt <0
a contradiction. So we have:

veig(ft)(Lu(t’ x(®), u®)—B*¢t, x@)p®), v—u®)) =0 a.e.

while infeee(—p(0), ¢) = (—p(0), xo).
Finally we remove the hypothesis K;#@. If K;,=¢, then

iLatt, 20, u@), hOYt+ [ (Lult, 5@, 1®), vO)y.redt =0

for all (h, v)e W(T)X L*Y ). Hence we have:
L., x(t), u@®) =0, L,@, x@®), u@®)=0.
The solution of the adjoint equation is
pt)=0

and so the minimum principle becomes obvious. This completes the necessity
part of the proof.

For the sufficiency part, we apply Theorem 15.2 of Girsanov [3]. Note that
J(+, -)is a convex function, which is finite everywhere. Also through a simple
application of Fatou’s lemma, we can check that J(-, -) is L.s.c. A convex,
l.s.c. function which is finite everywhere, is continuous. So J(-, -) is continu-
ous, convex. The Slater type requirement of Theorem 15.2 of Girsanov [3], is
automatically satisfied, since by hypothesis intS{# @ and intC+@. Thus an
application of Theorem 15.2 of Girsanov [3], gives us the sufficiency part. Q.E.D.

REMARK. If U(-) is not L%bounded (i.e. {—|U(@)| is not in L%), then

the minimum principle has integral form i. e. S:(Lu(t, x@), u@®)—B*t, x@®))p@), v(t)
—u@®))y y+=0 for all v=S3.

4. An example.

In this section we work out a concrete example of a parabolic distributed
parameter control system, to which our result applies.

So let T=[0, 6] and let V be a bounded domain in R"®, with a smooth
boundary 0V =I". We consider the following distributed parameter optimal
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control problem defined on T XV
Jex, u) = SZSVﬁ(t, 2, x(t, 2), ult, 2))dzdt —> inf
ax(t, 2)
at
x(t,2)=0o0n TXI
C 1/2
20, )= €S L), (| Iut, vidv)” =ro).

s. t. +AM)x(t, z2) = ut, z) on (0, HyXV

(%)

Here A(#) is the formal second order elliptic partial differential operator in
divergence form, defined by A@)y=—37,..(0/0z:)at, 2)(0y(2)/0z;). We
assume that a (-, -)eL*(TXV) and that they satisfy the following strong
ellipticity condition :

2 ait, 2N, = 0;]_1’9%

t,j=1
for all (¢, 2)&eT XV, n=(n:),=R" and with 6>0.
For this example X=H§V), H=L%V) and X*=H*V). Clearly (X, H, X*)
is a Gelfand triple. On XXX we consider the following bilinear Dirichlet form:
0x(z) 0y(z)
0z; 0z;

Since a;;(+, -)=L=(TXV) and using Poincaré’s inequality, we have:

alt, x, y) = S”‘;‘:lau(t, 2) dz.

talt, x, M| = clixllay ollylizi o .

Let A@): H{(V)=X—H YV)=X* be the continuous, linear operator defined
by
alt, x, y) =<A®x, y>  x, yeHiV).
Making use of the strong ellipticity condition, we can show that

CA@®x, x> = ellxlEy v -

We set Y=L*V) (the control space) and set U{)={ucsL*V): |ul.Zr{)}.
Assume r(-)&L% and 0<d=r(t). Let B(d/(max(h, ))=B={us L*Y): |ul 2
<8/(max(b, 1))}. Then BSS} and so intSy# @. Also we assume that CS L¥(V)
is nonempty, closed, convex, solid (i.e. int C# Q).

Finally let L: TXV XRXR—R be a integrand s.t.

(i) (t, 2>—L@, z, x, u) is measurable,

(i) (x, w)—L(t, 2, x, u) is convex and continuously differentiable,

(iii) for every x& L=(T, L¥V)) and every u= LT, LAV )= LT XV), J(x, u)
is finite.

Define L: TXL¥ V)X L¥V)—R by L(, x, u)-_—SVI:(t, z, x(2), u(z))dz. Using

the above hypotheses (i)—(iii) about L, we have that L(, x, u) satisfies H(L).
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Furthermore L.(, x, u)(h):svf,z(t, z, x(2), u@@)h(z)dz and L., x, w)v)=
SVZu(t, z, %(2), w(@D)(2)dz.

Now rewrite optimal control problem (xx) in the following abstract form :

[ SbL(t, (), u(®)dt —> int
0 ()’
s.t. x(O+ABxE) = ult) a.e. xO)C, ul)esUR) a.e.

This is a particular case of the more general problem studied in Section 3.
So we can apply and get the following necessary and sufficient
condition for a triple (x,, x, u) L V)XW(T)X L¥T XV), to be a solution of
(#x). Recall that W(T)={x L¥T, H\V)): x LT, H % (V))}. Also A*() is
the formal adjoint of the operator A(t), and (¢, 2)—L.(t, z, x(t, 2), u(t, 2))= LX(TX z).

THEOREM 4.1. If the above hypotheses hold, then (x,, x, u)y= L3V )XW (T)

X LATXV) solves (x+) if and only if

ax(t, z)
(i) BT

1/2
*lrar, =0, 50, Y =x() e C, (| lut, 2172) " = v,
(ii) there exists p(-)=W(T) satisfying the “adjoint equation”

+ADx(, z) = u(t, 2) on TXV

——a—f’gpﬁ;—”+A*<t>p<t, 2= 1.0, 2, 5, 2), ult, 2) on TXV
pt, 2)=0 on TXI", p(b, 2)=0, z€V,

(iii) the following “minimum principles” hold
[ (=0, 2+ Lutt, 2, 2, 2), utt, D)E—ut, 2)dz 20 a.c.
for all v L3(V) s.t. [[v].<r@®) and

SV—p(O, () —x0, 20dz =0 for all ¢(-)eC.

REMARK. If »(-) is not in LZ%, but simply measurable, then the minimum
b -
principle has an integral form Sogv(— b(t, 2+ L, 2, x4, 2), ult, D)0, 2)—ult, 2)
>0 for all ve LT XV) s.t. |[v(t, Hrzon=r{) a.e.

Finally we will conclude with some special cases of the problem studied in
this paper
(1) C=H, Sy=L*Y): Then from the maximum principles we get

BX(t, x(t)p@) = L., x@), u(®)) a.e. and p(0) =0.
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(2) CSL¥Y) with intC+@, S§=L*Y): The maximum principles give us
B¢, x0)p@) = L@, x@), u®) a.e. and (—p0), c—x(0) =0
for all x=C.

Finally if C={0}, then although intC=@, it can be easily seen looking at
the proof of that the second minimum principle disappears and
we have:

(3) C={0}, SE=L*U): The first minimum principle tells us that

B*@t, xNp(1) = Lu(t, x(1), u(®)) a.e.

In the particular case of our example we have in all cases that the adjoint
state is p(¢t, 2)=L.{, z, x(t, 2), u(t, 2)) a.e.
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